Background: Within-canopy interception of photosynthetically active radiation (PAR) impacts yield and other agronomic traits in cotton (Gossypium hirsutum L.). Field experiments were conducted to investigate the influence of 6 cotton varieties (they belong to 3 different plant types) on yield, yield distribution, light interception (LI), LI distribution and the relationship between yield formation and LI in Anyang, Henan, in 2014 and 2015.
Background
The capacity of the crop canopy to intercept and efficiently use solar radiation can greatly influence crop growth and development. Photosynthetically active radiation (PAR), consisting of wavelengths that can be absorbed by green plants and used for photosynthesis (Madakadze et al. 1998; Maddonni and Otegui 1996; McIntyre et al. 1996) , is the major driver of plant photosynthetic processes (Meir et al. 2002) . Spatial canopy interception determines how much PAR reaches the elements of the canopy and helps to determine the optimal canopy form for a certain crop. Light interception (LI) by the canopy is an important environmental factor, in addition to genetic factors (Bai et al. 2016) , that determines the plant architecture type (Xue et al. 2015) .
Knowing the factors that affect and determine yield and the ability to predict the yield of crops through in-season measurements are of paramount importance. Crop yield is highly correlated with canopy light interception, leaf area index (LAI) and above ground biomass in vegetables, soybeans, maize, sorghum, cotton and rice (Mo et al. 2005; Zarate-Valdez et al. 2012) . The amount of light intercepted by the canopy and Radiation Use Efficiency (RUE), which is the efficiency of converting the captured radiation into biomass, are crucial elements for crop production and development (Louarn et al. 2008) . LI is determined by canopy configuration (Chen et al. 1997; Dauzat et al. 2008 ), which increases not only land productivity but also resource use efficiency. Some studies have indicated that leaf area components have the greatest effect on light intensities (Baldissera et al. 2014) . Among the characteristics that increase economic yield, the canopy microclimate is considered very important. PAR interception can be altered by canopy construction (Barthélémy and Caraglio 2007) and leaf area (Vargas et al. 2002) . Therefore, in-depth exploration of the precise characteristics of light distribution in a crop canopy is necessary for improving crop productivity.
In cotton (Gossypium hirsutum L), adequate LI is essential for growth. Understanding the effects of plant architecture on radiation interception by cotton can be very useful for optimizing canopy architecture to intercept more light. The goal of cotton agronomy is to improve cotton yields through optimal management, but this accomplishment is made more difficult by the perennial growth habit of cotton (Kaggwa-Asiimwe et al. 2013 ). In addition, there is limited knowledge on how sink-source relationships and biomass production are affected by light interception (Wang et al. 2016 ) and how these relationships may be manipulated by different cultivars. The optimal spatial distribution of light and the specific boll spatial distribution are important for the efficient utilization of light. Therefore, identifying and selecting optimal cotton cultivars with a high efficiency for intercepting and converting solar radiation, as well as better understanding the characteristics of radiation interception and dry matter accumulation in more detail, are crucial.
Few studies have compared spatial LI and biomass production in different cultivars, and LI in different vertical and horizontal zones of the canopy has not yet been determined. In this study, the primary objective was to determine how different cotton cultivars alter the canopy LI in different vertical and horizontal zones of the canopy, the boll spatial distribution and the seed cotton yield. A secondary objective was to evaluate how the boll spatial distribution, biomass, LAI and seed cotton yield were altered by LI variation.
Results

Yield and yield components of different cultivars
In this study, yield and yield components were significantly different among different cultivars ( . Regarding the yield components, no significant difference was observed in boll number per plant in 2014, but in 2015, C113 and L28 had more bolls per plant than did J228 and J958. J228 and J958 had the greatest boll weight, while C60 and C113 had the lowest boll weight among all cotton varieties in both years. No obvious difference in cotton yield between plant types was observed. However, the compact-type cultivar L28 had relatively more bolls per plant (10.6 bolls·plant − 1 in 2014 and 10.9 bolls·plant − 1 in 2015), while the loose-type varieties J958 and J228 had relatively heavier bolls (6.7 and 6.3 g·boll − 1 in 2014, 6.7 and 6.9 g·boll − 1 in 2015).
The spatial yield distribution within canopy of different cultivars
The spatial yield distribution was significantly different both vertically and horizontally among cotton varieties and plant types (Table 2 ). L28 and C915 had higher yield (29.4% and 27.9%) while J958 had lower yield (18.0%) distributed in the upper canopy in 2014. In 2015, similar trends were also observed, with L28, C915 and C60 having more yield (28.0%, 27.5% and 26.7%) and J958 having less yield (22.5%) distributed in the upper canopy. In the middle canopy, J228 had the greatest yield distribution in both years (53.9% in 2014 and 55.1% in 2015) . In contrast, C915 and L28 had the least yield distribution in the middle canopy in both years. In the lower canopy, C915 possessed the greatest yield distribution, while J228 possessed the lowest yield distribution in both years. It is interesting that loose-type cultivars had more yield distributed in the middle canopy, while compact-type cultivars had more yield distributed in the upper and lower canopy. Horizontally, C915 had more yield (99.1%) distributed in the inner part of the plant than did other varieties, Table 2 ). In 2015, C60 had the least yield (87.7%) distributed in inner part of the plant, but other varieties did not show any significant difference in the yield distribution of the inner part of the plant. Therefore, cotton varieties with compact plant type showed relatively more yield distribution in the inner part of the plant only in 2014.
LI spatial distribution in canopies of different cultivars
To study the LI spatial distribution, the values of the LI were calculated using the trapezoidal rule. There was a quadratic relationship between the LI of different cotton varieties and days after sowing. The canopy LI was significantly influenced by cotton cultivar and plant type ( Fig. 1 ). No varietal differences were shown at earlier stages of growth, but varietal differences occurred from 60 days after sowing in 2014 and 80 days after sowing in 2015. LI of different cotton varieties peaked at the flowering and boll-setting stages in 2014 (90-100 d after sowing) and 2015 (100-110 d after sowing) and declined thereafter. LI peak values ranged from 0.49 to 0.68. The accumulated LI of compact-type varieties was lower than that of loose-type cotton cultivars. The LI peak value of J958 was the highest among that of all cultivars.
To further study the LI spatial distribution within canopy, the LI of different cultivars was divided into three equal parts in horizontal and vertical levels as shown in Fig. 2. These levels were designated H-1, H-2, H-3, V-1, V-2 and V-3 from bottom to top and left to right. LI had a quadratic relationship with days after sowing in both horizontal and vertical zones (Figs. 3, 4) . Vertically, due to different canopy structures, loose-type cultivars intercepted more light than did compact-type cultivars in all zones except for H1. Similar to the canopy, varietal differences in LI occurred from the squaring stage (60-80 d) and peaked in the flowering and boll-setting stages (90-120 d). In 2014, the compact-type cultivars L28 and C915 had less LI in H1 than did the loose-type varieties J958 and J228. However, in 2015, the opposite result occurred in that L28 and C915 had more LI than did J958 in H1 (Fig. 3) . Regarding the different vertical parts within the canopy, the LI was highest in H2, followed by H3 and then H1 in both years. The LI values ranged from 0.01 to 0.18, 0.06 to 0.28, and 0.01 to 0.27, for H1, H2 and H3, respectively. In horizontal zones (Fig. 4) , loose-type cultivars intercepted more LI than did compact cultivars in V2 in both years. The greatest varietal difference in LI in V2 occurred at 90-100 d after sowing in 2014 and at 90-120 d after sowing in 2015. In 2015, loose-type cultivars also intercepted more PAR than did compact cultivars in V1 and V3, which did not occur in 2014. Among the three horizontal parts, V3 had the greatest LI, followed by V1, and V2 had the lowest LI. The LI ranged from 0.01 to 0.64, 0 to 0.59, and 0.01 to 0.66, for V1, V2 and V3, respectively.
LAI and accumulated biomass
Due to the different cotton planting types, LAI varied among cotton cultivars (Fig. 5) . The peak values of LAI occurred later in 2015 than 2014. Varietal differences were small at the earlier stages of growth and then increased. LAI peak values ranged from 2.7 to 3.6. The LAI peak value of J228 was 3.58 in 2014 and 3.24 in 2015, the highest among all cultivars. C915 had the minimum LAI peak values (2.7 in both years). In addition, compact-type cultivars tended to have a lower LAI.
Two major determinants of high productivity in a cotton cultivar were its ability to produce high levels of assimilates by photosynthesis and to partition a high proportion of those assimilates efficiently into economically important organs. The total biomass differed between cotton varieties and plant types. Loose-type cotton cultivars had greater biomass than did compact-type cotton cultivars. J958 achieved the highest total biomass of 13 936 kg·hm − 2 and C915 achieved the lowest total biomass of 11 879 kg·hm − 2 . J958 also had a higher total biomass (13 489 kg·hm − 2 ) in 2015, but this was not significantly different from those of J228 and L28. C60 had the lowest total biomass in 2015. Harvest index was significantly different among cotton cultivars and plant types: compact-type cotton cultivars had a higher harvest index than did the loose-type cotton cultivars in both years (Table 3) .
Relationship between LI and yield formation in different cultivars
Biomass accumulation was linearly related to the LI in both years, with R 2 values of 0.97 and 0.98 in 2014 and 2015, respectively, although there was no significant relationship between seed cotton yield and LI (Fig. 6) . The biomass of vegetative organs increased with LI and then decreased, while the biomass of reproductive organs continuously increased with LI (Fig. 7) . Using the method that we used to analyze yield distribution, LI distribution within canopy was also calculated (data not shown). Based on regression analysis, a significant linear relationship was found between vertical cotton yield distribution and LI distribution (R 2 = 0.74 in 2014 and R 2 = 0.69 in 2015), indicating that yield distribution within canopy is related to LI distribution. However, no significant relationship was observed between horizontal yield distribution and LI distribution, due to different plant types resulting in different zones for the inner and outer parts of the plant (Fig. 8) .
Discussion
Cotton yield and yield distribution of different cultivars and plant types Cotton yield was significantly affected by cotton cultivar (Girma et al. 2007) . In this study, the cotton yields of six different cultivars ranged from 4164 to 4672 kg·hm respectively. The optimal cotton yield was achieved by J958 and L28 in 2014 and by J228 in 2015, indicating the different performance of cotton cultivars in different environments. Yield was found to be a function of both boll number and boll weight, with the relative effects of each influenced by cultivar (Wang et al. 2009 ). In this study, J228 and J958 attained a higher cotton yield mainly due to the greater average boll weight, while L28 did so mainly due to a greater boll number per plant. Cotton yield varied significantly within plants (Bednarz et al. 2000) , and yield difference can be traced to different positions within a cotton plant (Bednarz et al. 2006) . Cotton boll distribution is very cultivar-dependent (Snowden et al. 2013 ). Our study showed that both vertical and horizontal yield distribution were affected by cotton variety and plant type. In general, loose-type cultivars had more bolls in the middle of the canopy, while compact-type cultivars had more bolls at the top and bottom of the plant, suggesting that compact-type varieties distributed yield more than did loose-type varieties. Cotton bolls located in the middle canopy weighed more than those in the lower and upper canopy (CRI 2013). Therefore, a higher boll distribution in the middle canopy might be another reason for the greater boll weight of loose-type cotton varieties (J958 and J228), in addition to genetic difference. Cotton varieties with a compact plant type showed relatively more yield distribution in the inner part of the plant only in 2014, but this did not occur in 2015. During the cotton growth period, with more rainfall in 2014, fruiting branches grew faster, especially in loose-type varieties, resulting in relatively greater outer yield distribution for loose-type than for compact-type cotton varieties.
Canopy LI and LI distribution of different varieties and plant types
As the primary source of energy, light plays an important role in plant growth. LI by the canopy is an important factor determining biomass production and crop development (Chenu et al. 2005; Escobar-Gutiérrez et al. 2009 ). The interception of light by the crop canopy is complicated and is affected by the canopy architecture (Mariscal et al. 2000) . The canopy structure of a crop is determined largely by the plant type. In this study, the loose-type cultivars intercepted more LI than did compact-type cultivars in both years, mainly due to the greater LI in full-flowering and boll-setting stages. The peak LI occurred later in 2015 relative to 2014 due to the lower temperature and less rainfall in 2015 resulting in slow plant growth and development. The greater LI of loose-type cotton varieties could be explained by higher peak LAI, which was a determinant factor of LI by the cotton canopy (Reynolds et al. 2000) . Plant type can also affect canopy light distribution (Arduini et al. 2006) . LI distribution within canopy was significantly different among cotton cultivars and plant types both vertically and horizontally. The loose-type cultivars intercepted more light than did the compact-type cultivars in H2, H3 and V2 in both years, indicating that the difference in LI of the whole canopy among different cotton cultivars mainly resulted from the LI of the middle and upper canopy and of the outer canopy. Due to the longer fruiting branches and higher LAI of loose-type cotton cultivars, the light transmittance to the lower canopy is relatively less compared with that to the upper and middle canopy.
The relationship between yield and LI in different cultivars and plant types
Optimum canopy structure is the basis of improving photosynthetic efficiency and achieving high crop yields (Da Silva et al. 2014; Zhang et al. 2008) . In this study, a significant linear relationship was observed between total biomass accumulation and accumulated LI, which was consistent with previous studies (Xue et al. 2015; Zarate-Valdez et al. 2012; Monteith 1977) . However, no obvious relationship was observed between cotton yield and the total canopy-accumulated LI, which was also found by Zarate-Valdez et al. (2012) and Xue et al. (2015) . A possible explanation for this result might be the different transport efficiency of LI to reproductive organs as indicated by different harvest index values. However, for each cultivar, cotton reproductive organs biomass was positively related to LI, indicating that increasing LI can effectively improve cotton yield for each cultivar. In addition, there was a linear relationship between vertical cotton yield distribution and LI distribution within the canopy, indicating that yield distribution within the canopy is in accordance with LI distribution. Therefore, proper canopy architecture can optimize yield distribution and subsequently improve cotton yield and fiber quality by optimizing LI distribution.
Methods
Experimental design
The field experiment was conducted in 2014 and 2015 at the experimental farm of the Cotton Research Institute of the Chinese Academy of Agricultural Sciences in Anyang, Henan, China (36°06 'N, 114°21' E). The field design was a randomized complete block with six different selected cotton cultivars belonged to 3 different plant types. J958 and J228 had a loose plant type and tended to have horizontally fruiting branches. C60 and C113 had a medium plant type with shorter branches and leaves of medium size. L28 and C915 had a compact plant type with short fruiting branches and close-set fruiting nodes. The experimental design was replicated three times with a plot size of 8 × 8 m and the row orientation was north to south. The sowing dates were April 30, 2014 and April 24, 2015, respectively, and manually thinned out to a desired density of 60 000 plants · hm − 2 at the two-leaf stage. The weather conditions for the area are provided in Table 4 .
In both years, the land was plowed and irrigated in early spring before planting. The cotton was fertilized with 225 kg·hm − 2 N, 150 kg·hm − 2 P 2 O 5 and 225 kg·hm − 2 K 2 O before sowing. Supplemental irrigation was provided at a total volume of approximately 45 mm by flooding the furrows during the flowering stage. Other field management activities were conducted according to local agronomic practices.
Data collection PAR interception and transmission in the canopy
We measured transmission PAR (TPAR) and reflection PAR (RPAR) in different canopy layers every ten days using a portable 1.0 m light quantum sensor (LI-191SA, LI-COR, Lincoln, NE,USA) and a data logger (LI-1400, LI-COR, Lincoln, NE, USA). The measurement by the spatial grid sampled method in the same sample area of each plot during the crop season between the square stage and maturity in each year and were performed 1 h before solar noon under clear skies. The sample row was divided 5 measuring position between two rows in the horizontal distance. Similarly, in the vertical direction, we divide canopy into layers of every 20 cm. In addition, the incident PAR (IPAR) above the canopy was automatically monitored and recorded at every 5 s intervals. The TR (transmitted PAR rate), RR (reflected PAR rate),IR (intercepted PAR rate) were calculated using the following equations (Zhi et al. 2014) :
Estimation of PAR distribution in the canopy
In other positions within the canopy, IR and TR values were calculated by spatial interpolation using the following equation:
where Z(X 0 ) is the measured PAR value; λ i is the coefficient of the sample, and unbiased condition =1 was employed. Furthermore, based on the minimum variance, the Kriging equation was stated as follows:
where r(x i , x j ) is the measured value of the variation function; φ is the Lagrangian, r(x i , x 0 ) is the measured and calculated PAR, and x 0 is the estimated value of the calculated point as computed by the unbiased estimate.
Calculation of accumulated TR within the whole canopy
The following trapezoidal rules based on the Surfer software V11 (Golden Software Inc., USA) was used to calculate accumulated TR within the whole canopy.
Volume ¼ Δy
where the coefficient vector is [1, 2, 2, 2, …, 2, 2, 2,1]; Δx is the vertical distance of the grid, Δy is the horizontal distance; h(i,j) is the grid node value in row i and column j.
Determination of the agronomic traits of cotton
Three plants were randomly uprooted from the center of each test plot and then divided into roots, stems, leaves and reproductive organs. For each plot, ten plants were randomly sampled for plant mapping to count boll numbers. The leaf area was determined using a scanner (Phantom 9800xl; Microtek, Shanghai, China) and Image-Pro plus 7.0 (Media Cybernetics, Rockville, MD, USA). The dry matter of the cotton plants was determined by drying at 80°C to a constant weight. Cotton seed yield was manually harvested three times in 2014 and 2015, respectively.
Yield and yield component determination
In the beginning of October, cotton bolls from an area of 8 m 2 (0.8 m× 10 m) in the central two rows of each plot were hand-harvested for cotton yield estimation. Plant density, boll number per plant and average seed cotton weight per boll were recorded to calculate the cotton yield.
Determination of spatial yield distribution
Before harvest, final plant mapping measurements were made on 30 consecutive undamaged plants in the two middle rows of each plot. Measurements included plant height, total nodes, and bolls present by fruiting site on each individual plant. Bolls located from the first to the fourth fruiting branches were designated as the lower bolls, those in the fifth to the eighth fruiting branches were middle bolls and those in the ninth and higher fruiting branches were upper bolls. In addition, bolls in the first and second fruit positions were referred to as inner bolls and those in the third fruit position and beyond were outer bolls. Yield spatial distribution was then determined by the boll number in each fruiting site divided by the total number of bolls per plant.
Statistical analysis
The experimental data were analyzed with SPSS 11.0. Differences between treatment means were tested for significance using least significant difference (LSD) after analysis of variance, which indicated a significant treatment effect by F-test at the probability level of 0.05.
Conclusions
This study demonstrated the effects of cotton cultivar and plant type on cotton yield, yield distribution, LI, LI distribution, and the relationship between yield and LI. In this study, loose-type cotton cultivars intercepted more accumulated LI than did compact-type cotton cultivars due to there being more LI in the middle and upper canopy. Although loose-type varieties had greater LI, they did not have distinct advantages in cotton yield comparing with compact-type cultivars, no significant relationship was observed between cotton yield, and canopy-accumulated LI resulted from different harvest index values of different cotton cultivars, therefore, for loose-type cotton cultivars with high LI in this study, improving the harvest index by adjusting the source-to-sink relationship is a way to further increase cotton yield. In addition, there was a positive relationship between reproductive organ biomass accumulation and canopy-accumulated LI, indicating that enhancing LI is important for yield improvement for each cultivar.
Furthermore, the yield distribution within canopy was significantly linearly related to vertical LI distribution. Therefore, optimizing the canopy structure and subsequently optimizing the LI distribution within the cotton canopy can effectively manipulate the yield distribution, which can further influence cotton yield and fiber quality.
